Abstract.-Two t y p e s o f Cu-Zn-A1 b i c r y s t a l specimens having e/azl.4, one w i t h t h e boundary p a r a l l e l t o and t h e o t h e r perpendicular t o t h e t e n s i l e d i r e c t i o n , were extended a t room temperature.
t i o n , t h e same v a r i a n t c r y s t a l o f 6; m a r t e n s i t e a s t h a t which would be stress-induced i n an i n d i v i d u a l component c r y s t a l i s produced with t r a n s f o rmation s t r a i n s which o c c a s i o n a l l y continue a c r o s s t h e boundary. However, a d i f f e r e n t v a r i a n t c r y s t a l from t h a t i n t h e i n d i v i d u a l component c r y s t a l i s u s u a l l y formed n e a r t h e boundary depending on t h e o r i e n t a t i o n o f t h e o t h e r grain. This v a r i a n t h a s an o r i e n t a t i o n such t h a t t h e s t r a i n f i e l d s c o i n c i d e w i t h those produced by a v a r i a n t which i s transformed simultaneously i n t h e o t h e r g r a i n n e a r t h e boundary.
Since t h e p o s s i b l e number of shear systems producing t h e i n t i m a t e 6i v a r i a n t s i n both g r a i n s i s l i m i t e d , t h e f r a c t u r e t a k e s p l a c e o f t e n a t t h e g r a i n boundary. However, when a: m a r t e n s i t e s a r e formed a t t h e boundary, a s f r e q u e n t l y observed,the f r a c t u r e is suppressed t o a g r e a t e x t e n t , because of i n c r e a s i n g numbers of independent shear systems.
Consequently, t h e degree of e a s e o r d i f f i c u l t y i n producing a: m a r t e n s i t e s i s c l o s e l y a s s o c i a t e d w i t h t h e c h a r a c t e r of f r a c t u r e i n Cu-Zn-Al a l l o y . An extended work on f r a c t u r e using p o l y c r y s t a l l i n e specimens of d i f f e r e n t e / a v a l u e s a l s o supported t h e above r e s u l t s .
Introduction.-The mechanical behavior a s s o c i a t e d with t h e shape memory e f f e c t and p s e u d o e l a s t i c i t y i n p o l y c r y s t a l l i n e Cu-base m a r t e n s i t i c a l l o y s i s remarkably a f f e c ted by t h e s i z e and c r y s t a l l o g r a p h i c o r i e n t a t i o n s of t h e i n d i v i d u a l g r a i n s [ l , 21. This i s because t h e g r a i n boundary has t h e life-and-death power over t h e r e v e r s ib i l i t y of m a r t e n s i t i c transformation and t h e r e f o r e t h e i n v e s t i g a t i o n concerning t h e e f f e c t of boundary[3, 41 i s unavoidable work p r i o r t o t h e i n d u s t r i a l use of t h e s e phenomena.
I n t h e p r e s e n t work a d e t a i l e d morphological examination was performed on v a r i o u s b i c r y s t a l s of Cu-Zn-A1 a l l o y s with d i f f e r e n t o r i e n t a t i o n s of component c r y s t a l s . Attension was paid t o t h e s t r a i n c o m p a t i b i l i t y of t h e stress-induced Fig. 1 Two types of b i c r y s t a l t e n s i l e specimens.
(a) Type A ( e q u i -s t r a i n ) (b) Type B ( e q u i -s t r e s s ) .
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As r e p o r t e d s o f a r [ 5 ] , s i n c e t h e t r a n s f o r m a t i o n proc e e d s by two s t e p s i n t h i s a l l o y s y s t e m , i . e . , B1+Bi+cii, The g r a i n s i z e o f t h e i n g o t was l a r g e enough t o p r e p a r e b i c r y s t a l t e n s i l e specimens. Two t y p e s o f b i c r y s t a l specimens, one w i t h t h e boundary p a r a l l e l t o ( t y p e A, e q u i -s t r a i n ) and t h e o t h e r p e r p e n d i c u l a r t o ( t y p e B , e q u i -s t r e s s ) t h e t e n s i l e d i r e c t i o n were c u t from t h e i n g o t by a s p a r k machine a s shown i n Fig. 1 . The c o m p o s i t i o n s o f a l l o y s were set s o a s t o keep t h e M s temp e r a t u r e c o n s t a n t , i.e. 260 K, u s i n g an e m p i r i c a l f o r m u l a o f Ms(K)=3350-ROCZ-llOCA,
where CZ and C a r e t h e c o n c e n t r a t i o n o f Zn and Al, r e s p e c t i v e l y . P o l y c r y s t a l l i n e A t e n s i l e specimens w i t h d i f f e r e n t c o m p o s i t i o n s were a l s o p r e p a r e d .
The morphologic a l change n e a r t h e boundary was c o n t i n u o u s l y o b s e r v e d by a microscope w i t h a VTR d u r i n g t h e e x t e n s i o n o f t h e specimen by a n I n s t r o n t y p e machine, t h e s t r e s s -s t r a i n c u r v e b e i n g r e c o r d e d a s w e l l . Photo.1 Change i n macrographic s t r u c t u r e upon l o a d i n g . The macrographs were t a k e n a t t n e p o i n t s numbered i n F i g . 2 . The numbers i n t h e f i g u r e i n d i c a t e t h e p o i n t s where macrographs were taken f o r t h e morphological examination a s shown i n Photo. 1.
Strain (%)
As c l e a r l y observed i n Photo. 1, a s soon as a 6; v a r i a n t was induced i n t h e bottom g r a i n , G2, a t t h e p o i n t ( 2 ) , another 6; appeared i n t h e o t h e r g r a i n , G I , and t h e s e 6; v a r i a n t c r y s t a l s i n b o t h g r a i n s grew c o o p e r a t i v e l y with a s i m i l a r r a t e up t o (5).
A t (7) t h e f i r s t transformation was completed i n G 1 and t h e second one, ~i -w i , s t a r t e d t o appear i n 6; with new t r a c e s , and a s i n c r e a s i n g s t r e s s t h e number of a ; t r a c e s was increased i n both g r a i n s . Moreover, one s e e s zig-zag s l i p l i n e s i n G 1 n e a r t h e boundary a t ( 9 ) . These l i n e s l o c a t e o n l y n e a r t h e boundary even a t h i g h e r s t r e s s l e v e l (11).
The most important f e a t u r e i n t h i s type of morphological change i s t h a t t h e r n a r t e n s i t i c transformation does not t a k e p l a c e independently i n both g r a i n s b u t proceeds with s t r o n g i n t e r f e r e n c e a c r o s s t h e boundary. This is caused by a necessary c o n d i t i o n a s s o c i a t e d w i t h t h e c o m p a t i b i l i t y of transformation s t r a i n s a t t h e g r a i n boundary. When t h e c o n d i t i o n can n o t be f u l f i l l e d completely, a s l i p deformation must be operated a s seen i n Photo. l ( 9 ) . The c o n d i t i o n of s t r a i n c o m p a t i b i l i t y i s t o have t h e same value of s t r a i n components, eUU, Eand y i n b o t h g r a i n s f o r uw type A ( e q u i -s t r a i n ) specimen and of E and yvw f o r type B ( e q u i -s t r e s s ) vvY €WW specimen, r e s p e c t i v e l y , when we take u, v and w axes a s shown i n Fig. 1 [ 6 , 71. Photo. 2 i s a macrograph showing homogenuously d i s t r i b u t e d 6; m a r t e n s i t e i n both g r a i n s . The specimen c o n t a i n s 4.2at%Al a s weLl2 and t h e t e n s i l e d i r e c t i o n s of component c r y s t a l s , G_1 and G2, a r e [ 5 4 1 ] and [1310-21, r e s p e c t i v e l y . Two v a r i a n t c r y s t a l s , having ( 1 2 2 1 1 ) h a b i t plane i n G 1 and (12 2 1 1 ) i n G2 s t i c k t o g e t h e r one by one a t t h e boundary. The s t r a i n components, E e and y a r e c a l c u l a t e d t o be uu' WW uw ' 0.075x, -0 . 0 2 1~ and -0 . 0 4 1~ f o r t h e f i r s t m a r t e n s i t e i n G I and 0.069x, -0 . 0 1 9~ and -0 . 0 5 3~ f o r t h e second one i n G2, r e s p e c t i v e l y , where x means t h e f r a c t i o n a l volume of 6;. One s e e s very good s t r a i n c o m p a t i b i l i t y i n t h i s c a s e . It i s i n t e r e s t i n g t h a t a c a l c u l a t i o n d e r i v e s _ a s m a l l e r value of Schmid f a c t o r , 0.37, f o r t h e v a r i a n t appeared i n G2 having ( 1 2 2 1 1 ) h a b i t p l a n e than t h a t of 0.39 f o r a v a r i a n t having ( 1 2 2 1 1 ) h a b i t plane. This means t h a t a d i f f e r e n t v a r i a n t from t h a t which would be stress-induced i n G2 was transformed by t h e s t r a i n c o m p a t i b i l i t y a t t h e boundary.
Photo. 2 A macrograph showing homogeneously d i s t r i b u t e d
6; m a r t e n s i t e s i n both g r a i n s of type A s p e c imen. They meet one by one a t t h e boundary.
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Photo. 3 A macrograph showing complex s t r u c t u r e neaf-t h e boundary. D i f f e r e n t v a r i a n t c r y s t a l s of B1 m a r t e n s i t e from those w i t h maximum Schmid fact o r were induced n e a r t h e boundary i n b o t h g r a i n s . a; m a r t e n s i t e s a r e a l s o seen.
A more s t r i k i n g example o f _ t h e above phenomenon i s represented i n Photo. 3 .

The t e n s i l e d i r e c t i o n s were [ 9 4 1 1 and [ 4 7 1 ] f o r G 1 and G2, r e s p e c t i v e l y . I n i t i a ll y , a small amount of B i m a r t e n s i t e s having maximum Schmid f a c t o r s , i . e . , with ( 1 2 1 11) h a b i t planes, were introduced i n both g r a i n s except n e a r t h e boundary. However, s i n c e t h e s h e a r components of t h e transformation s t r a i n of t h e s e m a r t e n s i t e s were
q u i t e d i f f r e n t i n both g r a i n s , i . e . , -0 . 0 0 6~ i n G 1 and 0 . 0 4 4~ i n G2, a new v a r i a n t of 5; m a r t e n s i t e having ( 1 2 1 1 7 ) h a b i t p l a n e , which had y =0.027x, appeared n e a r UW t h e boundary i n s t e a d of t h e former one i n G 1 and grew with i n c r e a s i n g a p p l i e d s t r e s s . Furthermore, following t o t h e growth of t h i s v a r i a n t , t h e second t r a n s f o rmation ~;+ai took p l a c e a t t h e boundary i n G2 a s seen i n Photo. 3.
The behavior of stress-induced transformation i n b i c r y s t a l of type A (equis t r a i n ) i s s t r o n g l y a f f e c t e d by t h e g r a i n boundary a s described above. On t h e o t h e r hand, i n t h e c a s e of type B b i c r y s t a l , t h e component crystalsbehave a s i f each c r y st a l were i n d i v i d u a l l y e l o n g a t e d , except t h e region n e a r t h e boundary. So t h a t , i n t h i s c a s e t h e v a r i a n t c r y s t a l of 6; m a r t e n s i t e was t h e same a s t h a t i n a s i n g l e c r y s t a l of each component and t h e s t r e s s -s t r a i n curve becomes simply a superposed curve of t h e two i n d i v i d u a l s t r e s s -s t r a i n curves of component c r y s t a l s . At t h e g r a i n boundary, except f o r a p a r t i c u l a r o r i e n t a t i o n r e l a t i o n between two component c r y s t a l s , complex morphological behaviors a r e generaly observed by t h e s t r a i n comp a t i b i l i t y .
I n b i c r y s t a l specimens w i t h 31.6at%Zn and 4.2at%A1, a s t h e applied s t r e s s was i n c r e a s e d , t h e a; m a r t e n s i t e s were q u i t e o f t e n observed n e a r t h e g r a i n boundary with a number of s l i p t r a c e s i n s i d e . However, c r a c k s were formed e a s i l y a t t h e boundary f o r specimens c o n t a i n i n g higher A 1 c o n t e n t s , independent of t h e type of b i c r y s t a l , i n which t h e second transformation was h a r d l y generated.
In Fig. 3 a r e shown s t r e s s -s t r a i n curves up t o f r a c t u r e f o r specimens of s i n g l e c r y s t a l , b i c r y s t a l and p o l y c r y s t a l of two k i n d s o f a l l o y with d i f f e r e n t A1 c o n t e n t s . The curve ( a ) obtained f o r a s i n g l e c r y s t a l of 4.2at%Al a l l o y i n d i c a t e s a l a r g e e l o n g a t i o n of 20% corresponding t o t h e S1+f3i+ai transformation which was followed by an a d d i t i o n a l 255: p l a s t i c deformation by s l i p i n t h e m a r t e n s i t e . The s u r f a c e of f r a c t u r e showed a t y p i c a l p a t t e r n of t h e d u c t i l e f r a c t u r e .
The curve (b) was recorded f o r a specimen of type A b i c r y s t a l having a p a r t i c u l a r o r i e n t a t i o n r e l a t i o n of component c r y s t a l s such t h a t t h e 6; m a r t e n s i t e s with maximum Schmid f a c t o r i nduced i n b o t h g r a i n s were w e l l connected with each o t h e r a s shown i n Photo. 2. The e l o n g a t i o n was reached up t o 60% a t t h e f r a c t u r e .
I n t h i s c a s e , t h e m a r t e n s i t e s were introduced q u i t e homogeneously i n t h e specimen and s l i p t r a c e s of { l l l~~; w
Cont r a r y t o t h i s , f o r a type B specimen of b i c r y s t a l , i t i s supposed t h a t t h e g r a i n boundary might o p e r a t e s o a s t o i n c r e a s e inhomogeneous deformations i n t h e specimen, because i t produces a s p e c i a l l y deformed c r o s s -s e c t i o n a l region i n t h e specimen. I n f a c t , t h e f r a c t u r e s t r a i n s i n type B specimens were always s m a l l e r than those i n s i n g l e c r y s t a l s .
One s e e s a q u i t e d i f f e r e n t s t r e s s -s t r a i n curve f o r a t y p e A b i c r y s t a l specimen c o n t a i n i n g 15% A 1 a s i n (d).
I n t h i s a l l o y , only t h e ~~-f @ ; transformation took p l a c e and no remarkable s l i p deformation was introduced. The f r a c t u r e occurred a t an e l o n g a t i o n of only 10% and t h e f r a c t u r e s u r f a c e showed a p a t t e r n of b r i t t l e f r a c t u r e . A s e p a r a t e measurement [ 8 ] showed t h a t t h e c r i t i c a l resolved s h e a r s t r e s s (CRSS) f o r t h e f3i-tai transformation, Q , was almost independent o f temperature but s t r o n g l y depended on t h e composition i n a l l o y s .
An example of measured T& f o r V a r i a t i o n of c r i t i c a l resolved shear stress f o r t r a n s f o r m a t i o n i n two Cu-Zn-Al a l l o y s . T@ and TH a r e t h e CRSS f o r B1-t@i and @!+al t r a n sformations, r e s p e c t i v e l y .
(a) Cu-19.5at%Zn-13.0at%Al a l l o y .
(b) Cu-31.8at%Zn-4Dat%Al a l l o y .
Cu-31.8at%Zn-4.0at%Al (e/a=1.398, Ms=263"K) and Cu-19.5at%Zn-13.Oat%Al a l l o y (e/a= 1.455, Ms=263'K) i s represented i n Fig. 4 accompanying with t h e v a l u e s of T~, CRSS f o r B1+@i, a t d i f f e r e n t temperatures. The above d a t a on CRSS c l e a r l y support t h a t t h e observed f r a c t u r e i n Fig. 3 (d) can be a t t r i b u t e d t o t h e l a c k of a i m a r t e n s i t e a t t h e boundary. Fig. 3 (c) and (e) a r e t h e s t r e s s -s t r a i n curves f o r p o l y c r y s t a ll i n e specimens w i t h low and h i g h A l c o n t e n t s , r e s p e c t i v e l y .
The f r a c t u r e s t r a i n i n (c) was a p p a r e n t l y l a r g e r than i n ( e ) a s expected.
It i s concluded i n t h e p r e s e n t s t u d y t h a t t h e behavior of stress-induced t r a n sformation i s g r e a t l y a f f e c t e d by t h e s t r a i n c o m p a t i b i l i t y a t t h e g r a i n boundary i n Cu-Zn-Al a l l o y s . Moreover, i t was found t h a t t h e formation of a j m a r t e n s i t e played an important r o l e t o a t t a i n t h e s t r a i n c o m p a t i b i l i t y and t o avoid t h e f r a c t u r e a t t h e boundary.
Even though t h e c u t t i n g of B i m a r t e n s i t e s i s d i f f i c u l t t o occur i n g e n e r a l , a p a i r of s p e c i a l v a r i a n t c r y s t a l s of @; can c r o s s each o t h e r t o form a; m a r t e n s i t e a s r e p o r t e d p r e v i o u s l y [ 5 ] , t h e phenomenon being c l o s e l y r e l a t e d t o t h e appearance of t h e r e v e r s i b l e shape memory e f f e c t i n Cu-Zn-A1 a l l o y s [ 9 ] . It i s s t r o n g l y dependent on t h e value of T , ! whether o r n o t t h e c r o s s i n g of t h e B i martens i t e can e a s i l y occur.
So t h a t , i n a l l o y s with high A 1 c o n t e n t s , only one v a r i a n t of 5; m a r t e n s i t e can u s u a l l y be formed a t t h e boundary. Since p o s s i b l e s h e a r systems a r e l i m i t t e d t h e r e , because of t h e c r y s t a l s t r u c t u r e of 9R, t h e s t r e s s i s h a r d l y r e l i e s e d . On t h e o t h e r hand, i n a l l o y s with low A l c o n t e n t s , not only a p a i r of v a r i a n t 6; i n b o t h g r a i n s can be induced b u t a l s o a; m a r t e n s i t e s a r e formed e a s i l y a t t h e boundary. Consequently, t h e number of p o s s i b l e s h e a r systems i s increased by adding f o u r {111}<110>~, s l i p systems of m a r t e n s i t e and t h e s t r a i n c o m p a t i b i l i t y can become a t t a i n e d more e a s i l y .
